Highly conserved noncoding elements (CNEs) comprise a significant proportion 19 of the genomes of multicellular eukaryotes. The function of most CNEs remains 20 elusive, but growing evidence indicates they are under some form of purifying 21 selection. Noncoding regions in many species also harbor large numbers of trans-22 posable element (TE) insertions, which are typically lineage specific and depleted 23 in exons because of their deleterious effects on gene function or expression. How-24 ever, it is currently unknown whether the landscape of TE insertions in noncoding 25 regions is random or influenced by purifying selection on CNEs. Here we combine 26 comparative and population genomic data in Drosophila melanogaster to show 27 that abundance of TE insertions in intronic and intergenic CNEs is reduced rel-28 ative to random expectation, supporting the idea that selective constraints on 29 CNEs eliminate a proportion of TE insertions in noncoding regions. However, we 30 find no difference in the allele frequency spectra for polymorphic TE insertions in 31 CNEs versus those in unconstrained spacer regions, suggesting that the distribu-32 tion of fitness effects acting on observable TE insertions is similar across different 33 functional compartments in noncoding DNA. Our results provide evidence that 34 selective constraints on CNEs contribute to shaping the landscape of TE insertion 35 in eukaryotic genomes, and provide further evidence supporting the conclusion 36 that CNEs are indeed functionally constrained and not simply mutational cold 37 spots. 38 40 73 2005). In contrast, genome-wide analysis using pool-seq data showed a reduction 74 in median allele frequencies for TE insertions in exons relative those found in 75 intergenic regions (Kofler et al., 2012).
Introduction
Transposable elements (TEs) are mobile DNA sequences that comprise a significant fraction of the genomes of many multicellular organisms (Elliott and Gre- elements predicted on opposite strands at the same location (e.g. S element). 159 We kept one of these redundant annotations based on the first occurrence in the 160 dataset. Finally, we excluded all P element insertions from both datasets, since 161 this TE family is known to have a strong non-random preference to insert around . 164 Assigning TE insertions to genomic compartments 165 We partitioned regions of the D. melanogaster genome into mutually-exclusive 
228
-seed option was used to allow results of each run to be replicated. TE insertions 229 in randomized datasets were then assigned to genomic compartments as described 230 above.
231
A series of permutation tests were performed to test the null hypothesis of ran-232 dom TE insertion across various sets of genomic compartments. All permutation 233 tests were restricted to normally-recombining regions of the genome as defined To understand whether selective constraints on noncoding DNA influence pat-270 terns of TE insertion, we analyzed the abundance of non-reference TEs insertions 271 in different functional genomic compartments of the D. melanogaster genome. 272 We first assigned non-reference TE insertions in normally-recombining regions to 273 functional compartments based on gene and conserved element annotations (see 274 Materials and Methods for details). We then tested for depletion of non-reference 275 TE insertions in genomic regions with putatively higher levels of functional con- TEMP datasets using our randomization procedure. As shown in Table 1 , several 293 hundred TE insertions in exonic regions can be found in natural populations of D. who observed more TEs in intronic regions relative to intergenic regions using 323 strain-specific genome data. Together, these results suggest that the TE density 324 in D. melanogaster intronic regions is weakly reduced relative to random expec- 325 tations, but that the proportion of TEs eliminated from intronic regions is not 326 sufficiently large for the effect to be reliably identified in all population genomic 327 datasets.
328
Finally, we tested whether TE insertions were depleted in CNEs relative to spacer 329 regions ( Figure 2 ). For this analysis, we randomized TE insertions separately 330 within intronic regions and within intergenic regions and accounted for TE in-331 sertions spanning CNE/spacer boundaries. We identified several hundred TE in-332 sertions that exist in CNEs in both intronic and intergenic regions ( Table 2) . 333 Nonetheless, we found evidence for a significant depletion in the density of TEs . 399 Next, we tested whether the DAF spectrum for TE insertions in CNEs differed 400 from those in noncoding spacer regions. In this analysis, we also considered the 401 DAF spectrum of TE insertions that spanned CNE/spacer boundaries, because 402 this overlap class is reasonably common and also exhibits a trend towards being 403 depleted in TE insertions (see above). As shown in Figure 3 , we found no signif- (Figure 3 ).
448
Although we observe the expected pattern of depletion of TEs in higher constraint 449 regions, we find no difference in the DAF spectra between highly constrained 450 and weakly constrained compartments within either the ngs te mapper or TEMP 451 datasets. It is unlikely that positional inaccuracy or false negatives can explain the 452 lack of difference in the DAF spectra between exonic regions or CNEs and spacers.
453
As above, the high positional accuracy of the ngs te mapper and TEMP datasets 454 mitigates against mis-assignment of TEs to the wrong compartment, which could 455 in principle cause the DAF spectra for different compartments to appear more 456 similar than they really are. Furthermore, in the case of CNEs, we accounted for tion methods, which has not been discussed sufficiently as an issue in popula-466 tion genomic analysis of TE insertions. Specifically, we find that the DAF for 467 ngs te mapper is skewed more towards lower frequencies that the DAF for TEMP 468 ( Figure 3A vs. B) . We do not interpret this difference among method to result 469 from lower positional accuracy of ngs te mapper relative to TEMP artificially split-470 ting alleles from the same insertion site into several different insertion sites each 471 at lower allele frequency, since both datasets use split-read information. Rather it 472 is more likely this difference in DAF among methods results from the higher false The TEMP dataset has higher number of observed and expected CNE/spacer overlaps (C,D) despite having fewer TE insertions overall because of a larger average TSD length (7.71 bp) relative to ngs te mapper (4.73 bp). Observed TEs overlapping intron/exon boundaries or intergenic/exon boundaries were excluded from these analyses. Regions of the reference genome identified by RepeatMasker as TE sequence and any non-reference TE in these regions were also excluded from all permutation analyses. Figure 3 : The derived allele frequency (DAF) spectrum for TE insertions is similar across different compartments of the D. melanogaster genome. DAF spectra are shown for TE insertions predicted by ngs te mapper (A) or TEMP (B). Allele frequency classes are shown on the X-axis, and the proportion of TE insertions observed in a particular compartment of the genome at that allele frequency is shown on the Y-axis. Note that the Y-axis is split to allow better visualization of the proportion of higher allele frequency classes.
